Contemporary chemotherapy has significantly improved eventfree survival among patients with T cell-lineage acute lymphoblastic leukemia (T-ALL). Unlike B-precursor ALL, most investigators are still using cranial radiation (CRT) and are hesitant to rely solely on intrathecal therapy for T-ALL. In this study we assessed the effects of CRT upon event-free survival and central nervous system (CNS) relapses in a cohort of children with high risk features of T cell leukemia. In a series of six consecutive studies (1987-1995) patients were non-randomly assigned their CNS prophylaxis per individual protocol. These protocols were based on POG 8704 which relied on rotating drug combinations (cytarabine/cyclophosphamide, teniposide/ Ara-C, and vincristine/doxorubicin/6-MP/prednisone) postinduction. Modifications such as high-dose cytarabine, intermediate-dose methotrexate, and the addition of G-CSF, were designed to give higher CNS drug levels (decreasing the need for CRT), to eliminate epidophyllotoxin (decreasing the risk of secondary leukemia), and to reduce therapy-related neutropenia (pilot studies POG 9086, 9295, 9296, 9297, 9398). All patients included in this analysis qualified for POG high risk criteria, WBC Ͼ50 000/mm 3 and/or CNS leukemia. Patients without CNS involvement received 16 doses of age-adjusted triple intra-thecal therapy (TIT = hydrocortisone, MTX, and cytarabine) whereas patients with CNS disease received three more doses of TIT during induction and consolidation. Patients who received CRT were treated with 2400 cGy (POG 8704) or 1800 cGy (POG 9086 and 9295). CNS therapy included CRT in 144 patients while the remaining 78 patients received no radiation by original protocol design. There were 155 males and 57 females with a median age of 8.2 years. The median WBC for the CRT+ and CRT− patients were 186 000/mm 3 and 200 000/mm 3 , respectively. CNS involvement at diagnosis was seen in 16% of the CRT+ and 23% of the CRT− groups. The complete continuous remission rate (CCR) was not significantly different for the irradiated vs non-irradiated groups (P = 0.46). The 3-year event-free survival was 65% (s.e. 6%) and 63% (s.e. 4%) for the non-irradiated vs the radiated group. However, the 3-year CNS relapse rate was significantly higher amongst patients who did not receive CRT; 18% (s.e. 5%) vs 7% (s.e. 3%) in the irradiated group (P = 0.012). Our analysis in a non-randomized setting, suggests that CRT did not significantly correlate with event-free survival but omitting it had an adverse effect on the CNS involvement at the time of relapse.
Introduction
Over the last two decades the Pediatric Oncology Group (POG) has adopted the strategy of treating T cell acute lymphoblastic leukemia on separate treatment protocols from other forms of childhood ALL. 1 This approach resulted in an improved event-free survival (EFS) for this cohort of patients sharing distinct biological properties. 2 Unlike B-precursor ALL, prognostic factors for T-ALL are not well defined and cooperative groups have used different criteria when assigning patients on study by risk category. 3 A previous POG analysis demonstrated that patients with T-ALL and WBC Ͼ50 000/mm 3 had the poorest outcome. 4 Based on these data, the Group defined high risk T-ALL (HR T-ALL) as WBC Ͼ50 000/mm 3 and/or CNS involvement and stratified patients on its studies accordingly.
Whereas for B-precursor ALL, extended intra-thecal therapy can be substituted for cranial irradiation, 5 most investigators are still hesitant to omit CRT for T-ALL. Published studies addressing the issue of CRT for T-ALL have been non-randomized and used different risk groups. 6, 7 A recent study suggested that CRT may not be necessary for T-ALL patients presenting with a WBC Ͻ100 000/mm 3 whereas in patients with higher WBC, omitting it had an adverse effect on eventfree survival. 6 Others have shown that in T-ALL patients receiving CRT, other risk factors such as FAB L2 morphology can significantly affect outcome. 7 In another study, which included patients with T-ALL receiving CRT, good in vivo steroid response, correlated with a better outcome. 8 Using the POG risk criteria we analyzed the effects of CRT in six non-randomized consecutive studies involving a cohort of high risk T-ALL patients. Our data suggest that cranial radiation does not significantly affect the overall event-free survival rate but omission of radiation is associated with a higher rate of CNS involvement at relapse.
Patients and methods

Patients
T cell acute lymphoblastic leukemia was diagnosed by morphologic criteria of the bone marrow (FAB) 9 and the expression of T cell markers by marrow lymphoblasts 10 (confirmed by POG reference laboratories). Patients between 1 and 21.99 years of age with previously untreated disease were eligible for study after an IRB-approved informed consent was obtained. Patients were enrolled on study between May 1987 and December 1995 and their characteristics are shown in Table 1 . All the patients included in this analysis had high risk features with WBC Ͼ50 000/mm 3 and/or CNS disease. CNS involvement at diagnosis was defined as more than five mononuclear cells/mm 3 on a chamber count and presence of blasts in a cytospin preparation. 
Response criteria
Complete remission was defined as no physical signs of leukemia, no detectable leukemic blasts in the peripheral blood smear, a bone marrow with active hematopoiesis with Ͻ5% blasts, and normal cerebrospinal fluid.
Treatment programs
In a series of six consecutive studies, patients were non-randomly assigned their CNS prophylaxis per individual protocol. All the studies were based on POG 8704 which opened in May 1987 and relied on rotating drug combinations (cytarabine/cyclophosphamide, teniposide/cytarabine, and vincristine/doxorubicin/6-mercaptopurine/prednisone) after a six-drug induction phase. In an attempt to improve outcome and evaluate toxicities, substitutions including higher dose cytarabine (hiDAC) for standard cytarabine, PEG L-asparaginase for native L-asparaginase, intermediate dose methotrexate/6-mercaptopurine (IDM/6MP) for teniposide/ cytarabine, hiDAC for standard cytarabine combined with IDM/6MP for teniposide/cytarabine, and the addition of G-CSF were tested in a series of pilot trials; POG 9086, 9295, 9296, 9297, 9398, respectively. All protocols consisted of induction and consolidation phases followed by 10 cycles of continuation therapy ( Table 2 ). The cut off date for analysis of outcomes was 21 April 1998.
Statistical methods
The primary analysis of this study is the comparison of the CNS remission duration for the two groups (CRT+ vs CRT−). Prior to looking at any data, this variable was selected because of its direct biological intent, namely to prevent CNS relapses. This variable was selected over isolated CNS relapses, as it is consistent with conservative medical practice to ascribe responsibility to the treatment for all questionable cases. In addition, isolated CNS relapses usually are analyzed as if the joint CNS-other site relapses are uninformed censored data, making the presumption that the censoring event is statistically unrelated to the index event. This assumption is clearly inappropriate.
We also analyzed the overall event-free survival. Since all of the treatments had the same induction, and since one study (8704) randomized patients after achieving a remission, we actually compared the treatments from the time of achieving a complete remission (the overall CR rate was 96.7%). Failures include relapses, remission deaths, and second malignancies. This variable is important, but since CNS relapses represent a minority of overall events, and since this study was relatively small, the power to detect real differences in overall events was expected to be lower. The reader is cautioned in several areas. First, this is a non-randomized study, and as such, one cannot definitively conclude cause-effect relationships from these data. They should be interpreted as contributory to a growing body of evidence on the subject of CRT in high risk T-ALL. Second, one should view non-significant results as inconclusive. While zero difference is a plausible value, so are clinically important differences. Finally, as all studies whose primary endpoint is site-specific failures, there is no way to discount the possibility of interaction amongst treatment, other causes of failure and the natural history of disease.
Treatment comparisons were conducted by the one-sided logrank test, 11 which compares the differences of the entire remission curves. Since this was a non-randomized study, one-sided post-stratified logrank tests were also conducted to see if the results held up, when adjusted for potential prognostic factors such as age, white count, gender, and CNS involvement at diagnosis. Remission curves were constructed by the method of Kaplan-Meier, 12 with standard errors of Peto and colleagues.
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Results
The study included 222 high risk T-ALL patients, of whom 144 received cranial radiation and 78 did not receive radiation by original protocol design. Although these data were pooled from different POG studies they were all based on the 8704 treatment schema with substitutions which we believe are comparable for the purpose of evaluating the effects of CRT in this cohort of patients. Event-free survival rates for the individual studies were quite similar; P values comparing the EFS for complete continuous remission were 0.55 and 0.21 within the CRT+ and CRT− protocols, respectively. Figure 1 shows the continuous complete remission rate (CCR). The 3-year CCR rates in the irradiated and nonirradiated groups are 65% (s.e. 6%) and 63% (s.e. 4%), respectively (P = 0.46). If CNS events are censored, the P value is 0.16. Figure 2 depicts the CNS remission status of these patients. It includes all CNS treatment failures and is not restricted to isolated CNS relapses (ie a patient with a CNS relapse in addition to a marrow relapse was included in the CNS failure group). Patients who received CRT and those who did not receive CRT had 3-year CNS remission rates of 93% (s.e. 3%) and 82% (s.e. 5%), respectively (P = 0.012). Thus, although the overall CCR rate does not significantly correlate with radiation the overall number of CNS events is significantly increased by omitting radiation. Assessment of the isolated CNS relapse rates rather than overall CNS events, shows no significant difference between CRT+ and CRT− groups but the data favored CRT (data not shown). There were 18 and 23 patients with CNS involvement at diagnosis in the CRT− and CRT+ groups, respectively. Eight patients failed in the CRT− group and six in the CRT+ (P = 0.17, two sided). However, due to the small number of events the power of the test is very limited.
We re-analyzed the data, using a post-stratified analysis, stratifying in turn for each of the following: age (subdivided at 10.0 years), gender, white count at diagnosis (subdivided at 100 000/mm 3 ), and CNS involvement at diagnosis. In each case, the overall results held up with significance for CNS remission at P Ͻ 0.05, but no significant difference in overall remission duration. Numbers were too small to report other specific subset results.
Leukemia
Discussion
CNS prophylaxis with intensified intrathecal chemotherapy and cranial radiation, has contributed significantly to the increased survival of children with ALL. 13 This combination although highly effective, has resulted in acute and late effects including increased risk of CNS tumors, as well as impaired intellectual function and neuropsychologic development. 14, 15 Attempts to ameliorate such morbidity have led investigators to explore CNS treatments without radiation therapy. While CRT as pre-symptomatic therapy could be eliminated for Blineage ALL, most investigators are reluctant to omit it for high risk T-lineage ALL. [16] [17] [18] This manuscript reports a series of POG protocols which Comparison of the complete continuous remission for patients with high risk T-ALL who received cranial radiation (dotted line) or not (solid line). The 3-year event-free survival for high risk T-ALL was 65% (s.e. 6%) and 63% (s.e. 4%) for the non-irradiated vs the radiated group, respectively (P = 0.46). Numbers on curve represent number of patients at risk at time shown.
Figure 2
Comparison of CNS remission rates for patients who received cranial radiation (dotted line) vs patients who did not (solid line). The 3-year CNS remission rates were 82% (s.e. 5%) and 93% (s.e. 3%) for CRT− and CRT+ groups, respectively (P = 0.012). Numbers on curve represent number of patients at risk at time shown.
incorporated intensified chemotherapy in a group of patients with higher risk T-ALL. Our intent was to test different drug combinations that could improve outcome while minimizing long-term side-effects such as secondary leukemia and late radiation toxicity. Some of these treatment programs included high-dose cytarabine, intermediate-dose methotrexate, and intravenous 6-MP in doses expected to give increased CNS drug levels. 19, 20 These strategies might allow omission of CRT. However, the overall number of CNS events was significantly increased by omitting radiation despite the lack of effect on EFS. One possible explanation for these results is that the CNS drug penetration achieved in our protocols may not be adequate to eradicate occult CNS disease. This explanation is supported by an earlier study of standard risk ALL. In that study intermediate-dose methotrexate resulted in a lower risk of both systemic and testicular relapse but was inferior to cranial radiation in protecting against CNS events.
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Our observation of increased CNS events in the non-CRT group without significant difference in EFS raises the possibility of increased non-CNS events in the CRT cohort. Therefore, we re-analyzed the data by censoring all CNS events. Although there was an apparent excess in marrow relapse in the CRT group, there was no significant difference in the non-CNS events between the two groups. We also experienced a relatively high rate of secondary acute myelocytic leukemia (seven cases) most probably due to the intense etoposide treatment. 2 Although omission of CRT did not adversely affect EFS, this approach might affect salvage therapy. Currently 40-80% of patients with CNS relapse can be cured with aggressive chemotherapy and delayed cranial or cranial-spinal irradiation. 22 The majority of these patients had no radiation as their primary treatment. Patients with CNS relapse who have been irradiated might not be able to receive adequate doses of radiation at the time of salvage. In addition they may be at higher risk of late effects following radiation. However, the increased number of CNS events in the CRT− group might decrease the effectiveness of bone marrow transplantation as salvage therapy. 23 A recent report indicated that CRT may be required for T-ALL patients with a WBC count of over 100 000/mm 3 , 6 to improve EFS. The apparent discrepancy between this study and ours could not be entirely explained by different cut off points defining risk groups. We used a cut off point of 50 000/mm 3 based on a previous study showing that CRT was not needed for patients with WBC Ͻ50 000/mm 3 . 24 Re-analyzing our current data using a WBC cut off of 100 000/mm 3 did not change our conclusions.
Event-free survival in other reports of T-ALL treatment seems to demonstrate a slightly better outcome as compared to ours. 18, 25, 26 However, comparing these series raises significant statistical problems, 27 especially in the context of the higher risk characteristics of our patients. Regardless, our results raise the question as to whether CRT should be included in therapeutic regimens for T-ALL. Due to the diversity of systemic treatment strategies now employed for T-ALL and the very large patient population required to study the CRT question properly, this question might best be asked as an international 'Prospective Meta Analysis'. 28, 29 The cranial radiation question could be grafted in a factorial fashion on to individual group trials for T cell patients, even if in some groups they are part of larger trials. Such an effort would require the combined resources of the North American, European and other cooperative groups.
